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Abstract 
I onizing radiation provokes an in-
crease of the cAMP level in several or-
gans and body fluids. After reviewing the 
relevant literature we present the results 
of our own experiments on primary human 
fibroblasts. X-irradiation at doses of 0.5 
and 2 . 5 Gy in vitro evoked a rapid and re-
vers i ble increase of adenylate cyclase 
enzyme activity. A significant increase 
in c AMP level of these cells was also 
obser ved. 
Adenylate cyclase was usually local-
ized ba solate rally on the surface of un-
irradia ted cells, while irradiation re-
sulted in a modification of distribution, 
i.e., the enzyme activity also appeared 
in apical localization. 
Key words: X-irradiation, adenylate 
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Introduction 
The cAMP contents in tissues, organs 
and certain body fluids are modified, 
usually increased, by ionizing radiation. 
A few examples are listed on Table 1. 
As cAMP is a second messenger in 
signal transfer, it plays an important 
role in the interaction of the cell and 
its environment as well as in the regula-
tion of growth and differentiation (29, 
30,35,43). Similar to these environ-
mental or physiological stimuli, a change 
of its concentration due to the effect of 
X-irradiation may l e ad to alterations of 
cellular functions. Thus a change in cAMP 
level may be one of the reasons for the 
radiation-induced delay of mitosis (8,9) 
and may contribute to the radiation ef-
fect on the lysosomal system of the 
cells (45,46). It is also known, how~ver, 
that the increase of cAMP level induced 
experimentally by phosphodiesterase in-
hibitors exerts certain radioprotective 
effects (2,7,13,33). Moreover, the el e va-
tion of cAMP concentration contributes to 
the protective action of some radiopro-
tectors like cysteamine, WR-2721 and 2-
mercaptoethylamine (6,7,41 ,46). 
The increase of cAMP levels after 
in vivo irradiation may be the conse-
quence of either an increase of adenyl-
ate cyclase activity or the inhibition 
of phosphodiesterase action. 
Activation of adenylate cyclase has 
been described in murine spleen after in 
vivo and in isolated liver cell membrc11es 
(23,24) after in vitro X-irradiation 
(41). No data are available about the in 
vitro induced changes in cAMP level and 
adenylate cyclase activity in tissue cul-
tures which are frequently used models 
in the study of different radiation ef-
fects. Our earlier investigations sug-
gested that certain membrane related 
phenomena of human fibroblasts arerather 
sensitive to ionizing radiation (20,21, 
22, 40). 
Despite the multitude of information 
available about the metabolism of cAMP 
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Table 1. 
Effects of ionizing irradiation on cyclic AMP level or adenylate cyclase activity+ 
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in fibroblasts (1,42,44), the relevant 
radiobiological data are very scarce. 
Therefore, in our present work the radia-
tion-induced changes in cAMP level and 
adenylate cyclase activity were also 
examined in this cell type. Efforts were 
made to study the radiation induced alter-
ations with electron microscopic cyto-
chemical reactions and by parallel bio-
chemical measurements. Special attention 
was paid to the regional localization of 
adenylate cyclase activity in fibroblasts 
as according to some studies (10,27,28, 
38) it is polarized with basolateral pre-
dominance in various cell types. 
Until now, however, no data are available 
concerning the localization of the enzyme 
on fibroblast surfaces. 
Materials and Methods 
Cell culture 
Human fibroblasts obtained from skin 
biopsies were grown as monolayers in 
Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10% fetal calf serum. 
For the experiments three-day cultures 
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were used. Embryo fibroblasts were col-
lected after slight trypsinization of 
human embryo tissues obtained from 
healthy pregnancies interrupted at 2-3 
months. Details of cell isolation and 
culturing were described earlier (40). 
Irradiation 
X-irradiation was performed with THX-
250 machine. Conditions: 200 kV, half 
value layer (h.v.l.) 1.0 mm Cu, source-
surface distance (S.S.D.) 90 cm, dose-
rate 0.317 GYwater·min-1. The exposures 
were measured by a calibrated ionization 
chamber jFarmer dose meter type 250 
3.0.6.cm ionization chamber). For the 
calculation of absorbed dose in water 
from the exposure, the rad/R conversion 
factor and the value of h.v.l. were used 
(16,17). The irradiation of cells was 
performed in tissue culture medium with-
out calf serum. After irradiation the 
medium was replaced by the original one. 
Electron microscopic cytochemical demon-
stration of adenylate cyclase 
For the cytochemical localization of 
adenylate cyclase activity the 5' adeny-
lylimidodiphosphate (AMP-PNP) method was 
cAMP in X-irradiated fibroblasts 
Figure 1. Adenylate cyclase activity vis-
ualized by histochemical reaction on pri-
mary human embryonic fibroblasts. The 
enzyme activity is localized on the basal 
surface (lf..l, and cell-to-cell contacts. 
Bar=0.5 1um. 
used (42,47). Initially, the cells were 
fixed for 30 min with 0 . 05 per cent 
glutaraldehyde in phosphate buffer. After 
rinsing the cells in 80 mM Tris maleate 
buffer (pH 7.4) the cells were incubated 
in adenylate cyclase assay medium consist-
ing of 80 mM Tris maleate (pH 7.4), 10 mM 
Mgso 4 2 mM theophyllin, 6 per cent sucrose 
and 0.6 mM AMP-PNP (Sigma). 
Then the cells were rinsed again. Control 
experiments included the incubation of 
cells without AMP-PNP. The adenylate cyc-
lase activity was investigated after 
X-ray treatment 10-30-60 mins with 0.5, 
2.5 and 8 Gy doses. Three experiments 
were performed in each group. With the 
aim of semi-quantitative evaluation of 
adenylate cyclase activity we determined 
the extent of the whole surface covered 
by cytochemical reaction products at mag-
nification 34500x. The covered fraction 
was expressed as a percentage of the 
whole surface. Twenty-five photographs 
were analysed. 
After the cytochemical reaction the 
cells were fixed on coverslips with 2.5 
percent glutaraldehyde in 0.1 M phosphate 
buffer, pH 7.3, at 4°c for 1 h. After 
washing with the same buffer the cells 
were further fixed with 1 per cent OsO4 
at 4oc for 1 h. The material was dehyd-
rated in graded acetone and embedded in 
Durcupan AC (Fluka). After 24 h polymeri-
zation at 56°c the specimens were im-
mersed in liquid nitrogen for 10-15 sec. 
This resulted in a clear separation of 
the Durcupan block from the coverslip. 
Ultrathin sections were cut with a glass 
knife on an LKB ultramicrotome in orien-
tations both perpendicular to and paral-
lel with the plane of the cell culture. 
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Figure 2~ Adenylate cyclase activity on 
human skin fibroblast. The localization 
of the enzyme is similar to that observed 
on embryonic fibroblasts. It appears on 
the basal membrane regions.+ =basal sur-
face. Bar=0.5 1um. 
The sections were examined with a JEM 6C 
type transmission electron microscope. 
Estimation of cAMP level by radioimmuno-
assay (RIA) 
The embryo fibroblast culture was 
stirred gently and centrifuged. The 
supernatant was decanted and cold 10 per 
cent TCA (trichloroacetic acid) was added 
to pellet. Then the pellet was homogen-
ized and the precipitated proteins were 
removed by centrifugation. The super-
natant was extracted with water saturated 
ether (ethylether) to remove TCA. Ether 
extraction was repeated three times. 
Ether contamination was removed by N2 
bubbling of the solution. Cyclic AMP con-
tent of samples was determined by cAMP-RIA 
according to Brooker et al (5). Sc-cAMP-
TME (2'-O-monosuccinyl-adenosine 3' : 5' 
Cyclic Monosphosphate tyrosylmethylester) 
(Sigma) was labelled in our Institute 
with 125I. The cAMP-antiserum was kindly 
supplied by Dr. A.Seregi (Institute of 
Experimental Medicine of Hungarian Academy 
of Sciences, Budapest). 
Results 
The adenylate cyclase activity vis-
ualized by the electron microscopic 
cytochemical reaction proved to be polar-
ized on the plasma membranes of human 
embryo and skin fibroblasts; i.e., the 
enzyme activity appeared at the baso-
lateral regions of the cells (Figs.1 and 
2). 
The enzyme activity and localization at 
the cell surface changed 10 and 30 min-
utes after X-irradiation with 0.5 or 
2.5 Gy (Figs 3,4,5,6). 
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The amount of lead precipitate suggested 
elevated enzyme activity basally (Fig.3) 
and at the cell-to-cell contacts (Fig.4). 
The polarity of enzyme distribution was 
often diminished or eliminated by X-ir-
radiation. Thus, after irradiation, the 
enzyme activity could frequently be vis-
ualized on the entire surface of the cell 
( Fig s . 5 and 6). For comparison a much 
higher dose was also studied. The inte n-
sity of the cytochemical reaction, i.e., 
eznyme activity, was similar to that in 
the control cells after 8 Gy, and its po-
larized localization was evident (Fig.7). 
One hour after low dose X-irradiation the 
enzyme activity and localization became 
similar to the control (Fig.8). 
In some cases the enzyme activity appear-
ed in cell organelles like the granular 
endoplasmic reticulum, mitochondria, and 
nuclear membrane (Fig. 3,5,8). 
In sections prepared perpendicularly to 
the plane of cell culture, the coverage 
of plasma membrane by reaction products 
was assessed. The data shown in Table 2. 
give evidence of semiquantitative changes 
of the amount of AC reaction products 
after X-irradiation. 
Parallel with the changes of adeny-
late cyclase activity, studies were per-
formed to determine the cAMP content of 
the cells. According to our preliminary 
data ionizing radiation induces readily 
measurable alterations of c AMP in cul-
tured cells. The cAMP content of unir-
radiated cells proved to be 6.11 pmols 
per 106 cells. This value is in good agree-
ment with the data obtaine d for mou se fib-
roblasts (44). Ten minutes after X-irradi-
ation with 0.5 and 2.5 Gy the cAMP content 
increased considerably as the measured6 values were 35.0 and 27.8 pmols per 10 
cells, respectively. One hour after low 
dose X-irradiations the cAMP content be-
came similar to enzyme activity of the 
control. The changes of cAMP content after 
X-irradiation with 0.5 Gy were summarized 
on the Fig.9. 
Discussion 
Despite the interest of several lab-
oratories in studies of the radiation-in-
duced alteration of cAMP levels, investi-
gations on cultured cells are rare. This 
situation gave an impetus to our studies 
as presented. 
Our cytochemical data suggest that the 
elevation of cAMP concentrations follow-
ing irradiation is due to an increase in 
adenylate cyclase activity. A similar 
rapid increase in adenylate cyclase ac-
tivity has been described in the spleen 
of mice submitted to X-ray irradiation in 
vivo (41) and in isolated liver cell mem-
branes after gamma irradiation (22,23). 
Adenylate cyclase is an intrinsic mem-
brane enzyme consisting of several basic 
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Figure 3. Adenylate cyclase activity on 
human embryonic fibroblasts 10 minutes 
after X-irradiation with 0.5 Gy. The ac-
tivity of enzyme increased on the basal 
membrane regions. The endoplasmic reti-
culum (->) is labelled by reaction 




Figure 4. Adenylate cyclase activity on 
primary human fibroblast 10 minutes after 
x-irradiation with 0.5 Gy. The increase 
of enzyme activity often can be seen at 
the cell contacts (->! and elevated cell 
edges ( >l -,-CC=basal surface. Bar=0.5 
1
um. 
Figure 5. The X-irradiation induced high 
enzyme activity (0.5 Gy, 30 min) sometimes 
can be observed on the whole cell surface. 
{(=basal surface. Bar=0.5 
1
um. 
Figure 6. The adenylate cyclase activity 
is change d by 2.5 Gy dose of X-irradiation 
in 10 mins. The enzyme activity can be 
seen both on the basal ~ , and apical AA 
membrane regions. Bar =0.5µm 
Figure 7. Adenylate cyclase activity on 
fibroblast 30 minutes after X-irradiation 




Figure 8. Adenylate cyclase activity on 
primary human embryonic fibroblasts 60 
minutes after X-irradiation with 0.5 Gy. 
The activity and l ocalization of enzyme 
b e came similar to the control. Enzyme ac-
tivity on the endoplasmatic reticulum can 
b e seen (->). )t =basal r eg i on .> = con-
tact r eg i o n.Bar=0. 5 
1
um. 
Table 2 . 
Change of AC reaction products covering 
the human fibroblast surfaces after 
X-irradiation 
Dose Time after AC reaction products 
(Gy) irradiation covering the total 
surface in per cent 
control 3.5 + 2.8 -0.5 1 0 1 0. 3 + 7.7 
30 8.9 + 7.0 -60 2.6 + 2.3 
2.5 1 0 11 . 7 + 9.9 -30 10.4 + 8.5 -60 3.3 + 2.5 
8 1 0 4.3 + 3.4 
30 3.9 + 3.2 
60 4. 1 + 2.9 
units, and changes in its micro-environ-
ment, or changes of forces acting on mem-
brane constituents, could be consistent 
with alterations in membrane fluidity 
(11,18,37). Since an increase of membrane 
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cAMP 
pmol per 
40 106 cells 
C 10' 30' 60' 
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Figure 9. The changes of cAMP content 
after X-irradiation with 0.5 Gy. 
the basal activity of adenylate cyclase 
(11,37), radiation-induced increase of 
enzyme activity is also likely to be 
connected with enhanced membrane fluid-
ity, known to be elicited by irradiation 
(34). Our observation that sublethal 
doses do not evoke any increase in enzyme 
activity and cAMP level was also observed 
by other authors, (23,41). This is in 
agreement with the view that high radia-
tion doses evoke an opposite change, i.e., 
decrease of membrane fluidity (26,48). 
It is well known that adenylate cyc-
lase has a polarized, usually basolateral 
localization in some epithelial cells 
(10,15,27,28,38). In the present work we 
also could demonstrate this phenomenon in 
fibroblasts. Such heterogeneous membrane 
polarities are known to occur in several 
membrane domains both in epithelial cells 
and in fibroblasts (39,40) 
It is an interesting fact that paral-
lel with the radiation-induced increase 
of enzyme activity this polarized or in-
homogeneous distribution becomes modified, 
i.e., it becomes more uniform. This ob-
servation suggests the possibility of a 
change in the regional distribution of 
domains among the effects of the radia-
tion-induced membrane alterations. Simi-
lar experimental data have been reported 
in our previous work in connection with 
radiation-induced modification of the 
surface distributions of bound concanava-
lin A and wheat germ agglutinin (40). It 
appears that besides modification of 
lectin binding sites, radiation also in-
duces regional changes of some membrane-
bound enzymes like adenylate cyclase. The 
biological significance of this change in 
distribution is unknown and it also awaits 
elucidation whether this phenomenon is a 
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direct effect of ionizing radiation on 
the membrane protein components or a con-
comitant event of the increase in mem-
brane fluidity (26,48). 
We also have preliminary data on the 
radiation-induced changes in the surface 
distribution of another enzyme partici-
pating in signal transfer through the 
membranes, guanylate cyclase. According 
to our observations this enzyme has an 
apical localization, i.e., opposite to 
that of adenylcyclase, both in fibro-
blasts and in human placental tropho-
blasts (28). This localization also be-
comes inhomogeneous after irradiation. 
Our observations suggesting that 
cell-to-cell contact areas are predis-
posed with respect to the cell surface 
localization of adenylate cyclase are in 
agreement with the data of Fujimoto et 
al (12) for the rat myocardium. These 
authors consider it likely that cAMP has 
a role in intercellular communication, 
cellular contacts and in the action of 
hormones (3,4,25). 
We r,an only speculate about the 
reasons why enzyme activity increases in 
these areas after irradiation. It is a 
well known fact that upon irradiation 
cell contacts are significantly reduced, 
and the movement of the cells is in-
creased. This has been reviewed in our 
previous work (40). Since an increase of 
the cAMP level is accompanied by a de-
crease of the mobility of the cells 
(19) it is conceivable that these 
changes are aimed at restoring the orig-
inal state of the culture. 
It must be added, however, that accord-
ing to some views activation of the cAMP 
system represents a step in the radio-
protective mechanism of the organism 
( 36). 
As mentioned before, lead precipi-
tates suggesting adenylate cyclase activ-
ity have also appeared on the membrane of 
other cell organelles apart from the 
plasma membrane. The intracellular local-
ization of this enzyme was described by 
several authors using different methods 
(32) and this localization was shown to 
be present also in fibroblasts. 
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Discussion with Reviewers 
T.M.Seed: Is the loss of the basolateral 
distribution of adenyl cyclase following 
irradiation associated with either the 
loss of attachment to the substratum or 
l oss/change in cell-to-cell interactions? 
Authors: Distribution of membrane domains 
on cell surface on several occasions are 
regulated by cell contacts (Herzlinger DA 
and Ojakian GK, 1984, J. Cell Biol., 98, 
1777-1787, Rodriguez - Boulan E et al~ 
1983, J.Cell Biol., 96, 866-874). Since 
the irradiation has effects on cell con-
tacts (40), there are also possibilities 
for such relationship. 
J.G.Szekely: Is it possible that the 
radiation-induced adenylate cyclase and 
cAMP activity is a cell cycle effect and 
that the increase is a result of division 
delay? 
Authors: Yes. It may be as Daniel and 
Oleinick (8,9) proposed such connection. 
J.G.Szekely: You mention that in some 
cases enzyme activity appeared in cell 
organelles. What was the dose and time 
dependence of this increased activity? 
Authors: The appearance of enzyme activ-
ity in cell organelles could be detected 
both in control and irradiated cells. 
Special radiation-induced alterations 
were not observed, i.e., the amount of 
lead precipitates which were seen in cell 
organelles did not change after X-irradi-
ation. 
J.S.Hanker: I wonder whether the observed 
changes in adenyl cyclase activity and 
cAMP levels of these cells could be re-
lated to changes in their collagen, muco-
polysaccharide or acid mucopolysaccharide 
synthesis or secretion resulting from 
ionizing radiation. 
Authors: Probably, there are some rela-
tionships, since the forskolin or phos-
phodiesterase inhibitors can stimulate 
synthesis of sulphated-proteoglycans 
through intracellular cAMP accumulation 
(Malemud CJ et al. 1986, J.Cell Physiol., 
129, 51-59. 
